Emisson spectra and time-resolved two-dimensional (2D) emission images of the electron-ion dielectronic recombination (i.e. a reversal process of auto-ionization) line of neutral Cu atoms, the selectively excited Cu ionic line, and normal Cu atomic line were observed for understanding the excitation mechanisms of Cu neutral and ionic lines in a low-pressure laser-induced plasma (LP-LIP) of Ar. From the observations, the number of charged particles around the emitting species seems to increase with increasing Ar pressure. Different time-resolved 2D emission images were observed among the selectively excited Cu ionic line and other Cu emission lines resulting from the different excitation mechanisms of the respective emission lines. Collisions of the second kind and electron-ion recombinations were found to be one of the major excitation mechanisms of Cu in Ar LP-LIP.
Introduction
Since laser-induced plasma atomic emission spectrometry (LIPS) can be applied to direct elemental analysis without any pretreatment, regardless of the type of samples, such as metal or ceramics, it is suitable for a rapid analytical method for production control in the material-making process. 1, 2 In LIPS, low-pressure laser-induced plasmas (LP-LIP) have favorable features such as a relatively low fluctuation of the emission intensity, as well as a high signal-to-background ratio. [2] [3] [4] [5] [6] [7] [8] In LIPS under atmospheric pressures, electron collision 9 and electron-ion recombination 10 are considered to be the dominant excitation mechanisms of sample atoms. Especially in LP-LIP, excitation by a shock wave 5, 11, 12 and collisions with metastable states of noble gases 11, 13, 14 are considered to be effective excitation mechanisms of sample atoms in addition to the above-mentioned mechanisms. 9, 10, 13, 14 It is very important to understand their excitation processes, because this can be useful not only for emission spectrochemical analysis, but also for other applications employing laser ablation, such as laser processing, laserinduced film deposition, and laser-induced chemical reaction.
Recently, we found that the relative intensities of particular Cu II emission lines in LP-LIP were strongly dependent on the kind of surrounding gas; the emission intensities of Cu II 224.7 nm and Cu II 248.5 nm lines were strongly enhanced selectively in an atmosphere of Ar and Ne, respectively. 15 It is explained from the selective excitation of singly ionized Cu by a resonance charge-transfer collision between a neutral Cu atom and an ion of rare gas, 15, 16 which was also observed in a glowdischarge plasma of Ar and Ne. Furthermore, relatively strong emission lines of neutral Cu atoms having excitation energies higher than the ionization potential of Cu (7.73 eV), due to dielectronic recombination 17, 18 between Cu ions and electrons (i.e. a reversal process of auto-ionization), were observed in LP-LIPS in the present experiment (this topic is discussed later). These atomic lines are rarely observed in glow-discharge plasmas commonly used in analytical applications.
Since it is found that collisions of the second kind between ablated sample atoms and surrounding gas ion species, and also dielectronic recombinations between Cu ions and electrons are not minor excitation mechanisms of Cu in LP-LIP, the emission spectra and time-resolved two-dimensional (2D) images of selectively excited Cu II lines, the Cu I lines due to dielectronic recombination between Cu ion and electron, and normal Cu I lines in LP-LIP were recorded and discussed in conjunction with the excitation mechanisms of the respective emission lines in this study.
Experimental

Apparatus
A schematic diagram of the apparatus and the details of the experimental set-up are shown in Fig. 1 and Table 1 , respectively. After evacuating the chamber below 3 × 10 -2 Torr (4 Pa), pure Ar gas (99.9995%) was introduced. The pressure was changed from 0.3 Torr (40 Pa) to 760 Torr (10 5 Pa). The gas pressure was monitored with a Pirani gauge and a capacitance manometer, which were put between an evacuation port and a rotary pump. The second-harmonic wave (SHG: 532 nm) of a Q-switched Nd:YAG laser was condensed on a flat face of a Cu rod by a plano-convex lens, and then an LIP was generated on the sample surface. The total emission radiated from the LP-LIP was observed directly by an optical fiber to obtain a spatially integrated spectrum containing the total plasma radiation.
Emission spectra were recorded with a spectrograph equipped with a CCD detector. A time-resolved image of Cu emission from the laser plume was measured using a combination of ICCD camera and UV camera lens. The wavelength range detected with the ICCD camera was limited by attaching an interference filter.
Results and Discussion
Typical emission spectra of Cu in Ar LP-LIP and the assignments of the observed lines
Emission spectra of Cu in LP-LIP were recorded within the Ar pressure range between 0.3 Torr (40 Pa) and 760 Torr (10 5 Pa). Typical spectra are shown in Fig. 2 . The assignments of some emission lines in the spectra are tabulated in Table 2 . As shown in this figure, the line widths of the Ar II emission lines become broader, and the intensity of the continuum background increases with increasing the surrounding Ar pressure. The line width of a spectral line is known to be broadened by the Stark effect 20 when the number of charged particles increases around the emitting species. Also, the continuum background arises from a radiative electron-ion recombination (a reversal process of photoemission), and a bremsstrahlung of electrons by ions (a free-bound and a free-free transition of electrons) in the plasma. 20 The above-mentioned observation suggests that the number of charged particles in this LP-LIP increases when the Ar pressure rises.
It is also noted that some emission lines of neutral atomic Cu (e.g. 359.9 and 360.2 nm) have higher excitation energies than the Cu ionization potential of 7.73 eV, as described in Table 2 .
In this study, the excitation mechanisms of the peculiar Cu I 359.9 nm, normal Cu I 368.8 nm, and selectively excited Cu II 224.7 nm (previously reported in Ref. 15 ) emission lines were considered. In order to prepare, the dependences of the emission intensities of the above-mentioned lines on the Ar pressure were measured (depicted in Fig. 3 ). It was found that the Cu II 224.7 nm and Cu I 368.8 nm lines have the maximum emission intensity at 5 Torr, and the Cu I 359.9 nm line becomes maximum at 100 Torr.
Excitation mechanisms in the expanding plasma zone
Here, the excitation mechanisms for the emission lines of Cu are considered based on the above-mentioned results. A large number of metastable Ar atoms having internal potentials of 11.55 and 11.72 eV can be assumed to exist in the Ar LP-LIP, which are supplied from the initial breakdown plasma, or through the excitation of ambient Ar gas by a resulting shock wave. 11 Such metastable Ar atoms can ionize Cu atoms through a Penning ionization process as follows:
where m and g denote the metastable and ground states, respectively, and (Cu + )* is an excited Cu ion, e.g., the excited state of the Cu ion; the 3d 9 4s 3 D3 state (2.72 eV) can be directly produced from a neutral Cu atom by Penning ionization because 2.72 eV (the excitation energy of Cu ion) + 7.73 eV (the ionization potential of Cu) = 10.45 eV < 11.55 and 11.72 eV (the internal potentials of Ar m ). In the recombination between a Cu ion and an electron, the following reaction occurs:
where Cu** is an intermediate doubly excited state 18, 21 or an I b state 21, 22 (i.e. an auto-ionization state) having a higher excitation energy than the ionization potential of Cu. This two-step process is called dielectronic recombination 17, 18 (i.e. a reversal process of auto-ionization). In the Cu I 359.9 nm line, the excited state is assigned to 3d 9 4s4d 4 F9/2. Since the ground state of Cu is 3d 10 4s 2 S1/2, the 3d electron of inner closed shell (3d 10 ) is apparently excited from 3d to 4d, resulting in the I b state 21,22 (3d 9 4s4d) in the Cu I 359.9 nm line. Although such an excitation is very difficult to establish in a neutral Cu atom, because the 3d → 4d transition is optically forbidden, the recombination between excited Cu ions (3d 9 4s 3 D3) and electrons can produce such a state very readily. In the first step reaction of Eq. (2), if many electrons exist around an Cu ion, then the reaction will go on the right side. Theoretical studies also showed that the dielectronic recombination depends on the electron density, and that a significant increase in intensity likely occurrs at high electron densities. 23, 24 In this experiment, it is expected that many charged particles exist in the LP-LIP at higher ambient Ar pressures, as discussed in the previous section.
In Fig. 2 , the Cu I 365.4 nm and Cu I 368.8 nm lines are normal atomic emission lines (i.e. the excitation energies of these lines are lower than the ionization energy of Cu). The upper state of the Cu I 368.8 nm line is assigned to 3d 10 6d 2 D5/2,3/2. Judging from the pressure dependence of the emission intensity of the Cu I 368.8 nm line (see Fig. 3 ), these normal emission lines seem to be excited by a shock wave, 5, 11, 12, 25 because the pressure dependence is very similar to the reported one 12 for the shock wave-excited emission line. It is observed that the intensities of both lines decrease with increasing Ar pressure. This behavior is thought to be due to a cooling effect of the surrounding gas, 7 or because an increase in the degree of Cu ionization results in a decreased number of neutral Cu atoms, since the number of metastable Ar atoms increases with increasing Ar pressure.
In addition to the dielectronic recombination lines, another specific emission line, such as selective excitation of a Cu ionic line, Cu II 224.7 nm, can also be observed in an Ar LP-LIP, as previously reported. 15 The Cu II 224.7 nm line is excited through an energy-transfer collision between a neutral Cu atom and an Ar ion as follows: 15, 16 Cu + Ar + (3p 2 P1/2, 15.94 eV) ⎯→ (Cu + )*(4p 3 P2, 8.23 eV) + Ar (3s 1 S0, 0.00 eV) (Cu + )* ⎯→ Cu + + hν,
where (Cu + )* is a selectively excited state of singly ionized Cu. 
Two-dimensional (2D) time-resolved emission images of the dielectronic recombination Cu I line, the selective excited Cu II line, and the normal Cu I line
In order to observe the spatial distribution of excited atoms and ions emitting the above-mentioned emission lines in an Ar LP-LIP, two-dimensional (2D) time-resolved images of the respective emission lines under conditions showing the maximum emission intensity (see Fig. 3 ) were taken, and are shown in Figs. 4 -6 , where the white line indicates the position of the sample surface and the time shown on the top of each image means the delay after laser irradiation.
It is noted from these images that the emission region of Cu II 224.7 nm is wider than those of Cu I 368.8 nm and Cu I 359.9 nm, and the appearances of the Cu I 368.8 nm and Cu I 359.9 nm images are very similar. If Ar ions are supplied from the initial breakdown plasma or produced by shock-wave ionization, 25 the emission image of the Cu II 224.7 nm line should become similar to those of the Cu I 359.9 nm and Cu I 368.8 nm lines. Therefore, Ar ions relating to resonance charge-transfer collisions seem to be produced mainly by the photo-ionization of strong UV (ultraviolet) radiation emitting from the breakdown plasma.
10,25,26
Excitation mechanisms in the initial breakdown zone
The maximum pixel intensities of the emission images of the Cu II 224.7 nm, Cu I 359.9 nm and Cu I 368.8 nm lines are plotted as a function of the delay time of the gate of the ICCD camera after a breakdown plasma generation. Plotted graphs are shown in Fig. 7 . In all cases, the maximum intensities were observed at a delay time of 100 ns, and the emission intensities were very strong during 0 -300 ns after laser irradiation. Recently, Pardede et al. 25, 27 measured the charge current due to the electrons, which are released out of the target during laserinduced plasma generation. It was shown that the current rose abruptly to its peak immediately after laser irradiation, but rapidly decreased to 1/3 -1/5 of its peak value within 200 -400 ns. Judging from their results, a large number of electrons having higher kinetic energy seem to be produced during the period of 200 -400 ns after breakdown. Therefore, the excitation mechanisms in the initial breakdown zone are likely to involve the electron collision as follows:
Cu + e -(fast) ⎯→ Cu* + e -(slow),
where e -(fast) denotes an electron having sufficient kinetic energy to excite Cu, and stepwise electron-ion recombinations, as follows:
Conclusions
In a low-pressure laser-induced plasma (LP-LIP) of Ar, the number of charged particles seems to increase with increasing Ar pressure. Relatively strong dielectronic recombination lines of a neutral Cu atom, which has a higher excitation energy than the Cu ionization potential, were observed at relatively high Ar pressures in LP-LIP. Strong ultraviolet (UV) radiation emitted from the laser-induced breakdown plasma may photoionize the filled Ar gas, resulting in the production of Ar ions, which may play an important role in the selective excitation of Cu ions to emit specific emission lines, such as the Cu II 224.7 nm line. Since the intensities of specific atomic and ionic Cu emission lines due to electron-ion dielectronic recombination and resonance charge-transfer collision are relatively strong, it is suggested that collisions of the second kind and electron-ion recombinations are one of the major excitation mechanisms of Cu in a LP-LIP of Ar. 
